Abstract-The principle of state estimation of a dynamic system using Unscented Kalman Filter (UKF) and Extended Kalman Filter (EKF) is briefly described. Two nonlinear examples are considered to compare the state estimation using UKF and EKF. A Solid Oxide Fuel Cell (SOFC) combined with Gas Turbine (GT) hybrid system is described and system level modeling of the hybrid system is discussed. The state estimation using UKF and EKF is applied to the fuel cell hybrid system.
I. INTRODUCTION
State estimation plays a significant role in control and monitoring. As all the practical systems have some degree of nonlinearity and the nonlinear state estimation has to be taken into consideration for designing an advanced control system and for monitoring purpose. The state estimation is a means to propagate the probability distribution function (pdf) of the state of the system over time and to update the pdf using the measurements from the system. Kalman Filter (KF) is the most commonly used estimator for linear systems. KF is optimal if the system is linear and noises are Gaussian. The Gaussian distribution can be represented by two parameters at a time instant: mean and variance. KF propagates the mean and variance in an optimal (minimum mean square error) way. If the system cannot be approximated by a linear function in its operating region, nonlinear state estimation is necessary for an optimal control design and effective monitoring purpose. The most common way of applying KF for the nonlinear system is in the form of Extended Kalman Filter (EKF). In EKF, the pdf is propagated through a linear approximation of the system around the operating point at that time instant. In doing so, the EKF needs the Jacobian matrices which makes it difficult for higher order systems, for online state estimation.
Julier and Uhlmann [3] developed an alternative method for the nonlinear estimation: Unscented Kalman Filter (UKF). The UKF propagates the pdf in a simple and effective way and it is accurate up to second order in estimating mean and covariance [3] .
In the foreseeable future, fossil fuels including natural gas will be a major source of energy. With today's increasing concern about global warming and climate change, there is an incentive to investigate natural gas power processes that operate efficiently, thus emitting less per kWh produced, and also investigate power production processes with C02 capture capabilities. It is widely accepted that fuel cells are power sources that will become increasingly important due to high efficiency, low levels of pollution and noise, and high reliability. One of the most promising fuel cell technologies is the Solid Oxide Fuel Cell (SOFC) due to its solid state design and internal reforming of gaseous fuels, in addition to its high efficiency. The SOFC converts the chemical energy of fuel directly to electrical energy. Since SOFCs operate at high temperatures (about 1000°C), natural gas can be used directly as fuel. The electrical efficiency of a SOFC can reach 55%. Another significant advantage of the SOFC is that since it operates at high temperature and its efficiency increases when pressurized, it naturally lends itself as a heat source for a gas turbine (GT) cycle. The combined (hybrid) cycle can theoretically have an overall electrical efficiency of up to 70%. with a power range from a few hundred kWs to a few MWs. Processes based on SOFCs can be used as power sources with CO2 capture, since the "used fuel" (and water) and air exit streams can be kept separated. The main applications of the hybrid system include remote area power supply and distributed power generation.
The paper is organized as follows: Section II and III explain the principle of UKF and EKF respectively. Section IV applies the UKF and the EKF to two engineering applications and compares the performances of UKF and EKF for the state estimation. Section V describes the SOFC/GT hybrid system and state estimation using UKF and EKF. Section VI gives the conclusions and states future work.
II. STATE ESTIMATION OF NONLINEAR SYSTEMS
A. UKF
The principle of the UKF is explained with the following example: let x be a random variable and y= f(x) (1) be a nonlinear function. The question is how the UKF approximate the propagation of pdf of x? For example, in the case of Gaussian distribution, how to calculate the mean (y) and covariance (Ey) of y? Consider a set of sigma points x(i), (similar to the random samples of a specific distribution function in Monte Carlo simulations) with each point being associated with a weight w(i). Both the sigma points and the weights are computed deterministically through a set of conditions given in [3] . Then the following steps are involved in approximating the mean and covariance: 1162 1) Propagate each sigma point through the nonlinear function,
2) Mean is the weighted average of the transformed points,
3) The covariance is the weighted outer product of the transformed points, 
The UKF algorithm is presented below; for the fundamental theory, refer to [1] , [2] . Let the system be represented by the following standard discrete time equations: 2) EKF: Consider the same example discussed in (1) . If f is a linear function and the pdf of x is a Gaussian distribution, then Kalman Filter (KF) is optimal in propagating the pdf. Even if the pdf is not Gaussian, the KF is optimal up to the first two moments in the class of linear estimators [2] . The KF is extended to the class of nonlinear systems and it is termed as EKF. In case of a nonlinear function (f(x)), the nonlinear function is linearized around the current value of x, and the KF theory is applied to get the mean and variance of y. In other words, the mean (y)and variance (Py) of y, given the mean (x) and variance (Px) of the pdf of x are calculated as follows: 
where g is the linear approximation of f((x) around x.
The EKF algorithm is presented below for a general nonlinear system represented by equations (5) and (6) [1] .
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The same notation as in the [7] 
The process is highly nonlinear with the selected input and output variables [7] . The nominal values of all the variables are taken from [7] . [7] . For this process D is the manipulated variable and X is the controlled variable: A white noise with Gaussian distribution is applied on each state and the output in simulation. The state estimation is performed using both the UKF and EKF and the simulation results are as shown in Figure 3 . The input (D) is decreased by a 10% step at 25th sec. The initial estimate of the state is taken different from the actual state. From the simulation results, in the presence of noise, UKF performs better compared to the EKF.
IV. SOFC/GT HYBRID SYSTEM A. System Description
A schematic diagram of the SOFC/GT hybrid system integrated in an autonomous power system is shown in Figure  1 . Fuel is partially steam reformed in a pre-reformer before it enters the SOFC anode. A part of anode flue gas is recycled to supply the necessary steam required for the steam reformation in the pre-reformer. The remaining part of the anode flue gas is supplied to a combustor where the unused fuel is burnt completely in presence of oxygen coming from the cathode flue gas. Air is compressed and preheated in a heat exchanger before entering the SOFC cathode. The hot stream from the combustor is expanded using a High Pressure Turbine (HPT) which drives the compressor. The HPT flue gas is expanded to atmospheric pressure using Low Pressure Turbine (LPT) which drives an alternator. The DC power from SOFC stack is inverted to AC using an inverter. The inverter and the alternator are connected to the electric load through a bus bar. Typically 60-70% of the total power is supplied by the SOFC stack.
B. Modeling
All the models of the system are developed in the modular modeling environment gPROMS [6] . The detailed modeling of each component of the system can be found in [4] . A brief description of the SOFC stack model is presented below. 1) SOFC stack: It is assumed that all the SOFCs in the stack operate at identical conditions along the fuel flow direction. A zero-dimensional SOFC model is developed with no regard to the geometry of the cell. The model developed is a lumped one, which includes dynamic molar balances of all the species both in anode and cathode volumes separately. Further, it includes an energy balance treating the whole SOFC as a single volume to model the temperature dynamics of the SOFC solid phase mean temperature. There is a radiation from the SOFC to the pre-reformer. The voltage developed across the cell is modeled using Nernst equation, the operating cell voltage is calculated by considering both ohmic and activation losses.
In [4] , the low complexity, control relevant SOFC model is evaluated against a detailed model developed in [5] . The comparisons indicate that the low complexity model is sufficient to approximate the important dynamics of the SOFC and can hence be used for operability and control studies.
C. Regulatory Controller
Local regulatory control has been considered for the system, and the local control adds additional state to the system. Thus, to design state estimation of the complete system, the local control strategy has to be understood. A control system is necessary to reject the disturbances such as load changes, fuel and air inlet temperature changes, fuel composition etc. Moreover, during the disturbances, the SOFC temperature should be controlled to prevent cell break down. A decentralized control scheme with two PI controllers is proposed in [4] to reject the disturbances and to control the SOFC temperature. In Figure 5 , FU refers to Fuel Utilization, which is defined as the ratio of fuel used in the SOFC and the fuel supplied to the SOFC. It is controlled to the reference value (0.85) by manipulating the fuel flow to the system. The air blow-off flow is manipulated to control the SOFC temperature to the reference value. The controller performs well in terms of tracking [4] ; the system efficiency can be improved by optimizing the reference values of the controlled variables. Also there are some constraints which are to be taken into account, for example, steam to carbon ratio at pre-reformer Tables I, II , and III respectively. The hybrid system model in gPROMS is exported to matlab and is used as function in matlab using the gO:MATLAB package [6] . The state estimator of the hybrid system is designed using both the UKF and EKF and the simulation results are presented in Figures 6 and 7 
